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1 INTRODUCTION 
The importance of aquatic and riparian plants to the 
status of aquatic ecosystems and fluvial environ-
ments has been widely studied. 
Many experimental studies on flow through sub-
merged and emerged vegetation blocked on a fixed-
bed had focused on vegetation effects in the benthic 
riparian environment. Dunn et al. (1996) and Nepf & 
Vivoni (2000) observed that the mean stream-wise 
velocity profile within a submerged or emergent 
vegetated layer no longer follows the universal loga-
rithmic law. Ghisalberti & Nepf (2002, 2004) found 
that flow through submerged vegetation exhibited 
characteristics of a mixing layer, including inflection 
of the velocity profile, increased correlation between 
longitudinal and vertical turbulent fluctuations, and 
momentum transfer driven by roller vortices gener-
ated by shear (Kelvin–Helmholtz) instability. White 
& Nepf (2008) conducted experiments in a partially 
vegetated shallow channel and developed a method 
for predicting the distribution of velocity and shear 
stress, and they found that the velocity profile exhib-
ited a distinct two-layer structure, consisting of a 
rapidly varying shear layer across the vegetation in-
terface and a more stable boundary layer in the main 
channel. However, these studies just investigated the 
vegetation effect on the flow through the vegetation 
zone, but did not consider the factor of the sediment. 
In recent years, researchers (Tal & Paola 2010, 
Zong & Nepf 2010, Choi & Kang 2004, Lopez & 
Garcia 1998) had also examined suspended sediment 
with changes in the flow turbulence within or around 
vegetation zone. The deposition of suspended sedi-
ment was also observed with in vegetation and be-
tween an open channel and a vegetation zone (Zong 
& Nepf 2010, 2011). The settling of fine sediment 
with vegetation in different configurations was stud-
ied by Elliott (2000) and found that some suspended 
sediment was deposited on the surfaces of plants, 
meaning that the surfaces of aquatic vegetation in-
tercept settling sediment and thereby promote sedi-
ment deposition. On the other hand, a decrease in 
suspended sediment had been discovered around the 
leading edges of vegetation patches (Zong & Nepf 
2011, Follett & Nepf 2012). 
Further studies on bed load with vegetation had 
been conducted based on earlier information about 
flow with vegetation. Specht (2002) conducted ex-
periments to study the influence of vegetation on the 
geometry of sand dunes and found that the dunes be-
came steeper and more regular in the flow direction 
with vegetation. Local scour had also been found 
around the leading edge of a vegetation patch due to 
enhanced local erosion, which was caused by an in-
crease in turbulence like horseshoe vortices and stem 
wakes (Zong & Nepf 2011, Follett & Nepf 2012). 
The shear stress in river beds and the incipient mo-
tion in flows with non-submerged rigid vegetation 
were analyzed by Watanabe et al. (2002) and the ex-
perimental results showed that the incipient motion 
shear stress of bed load was much larger with vege-
tation than without vegetation. And this shear stress 
was found to be influenced by the vegetation density, 
the ratio of sediment particle size to vegetation di-
ameter, and the ratio of the number of vegetation el-
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ABSTRACT: An experimental statistical method is here developed to investigate the incipient motion in open 
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ements on the incipient motion of sediment and the scour around the vegetation elements. The incipient mo-
tion of sediment is divided into three processes, the static, the partially motion, and the entirely motion, and 
the third process is defined as the criterion for incipient motion of sediment. Based on the experimental re-
sults, a semi-empirical equation for the sediment incipient velocity in the presence of submerged vegetation is 
derived, which is observed to be smaller than that without vegetation. A strong linear relationship between the 
average depth of the scour holes around the vegetation elements and the flow velocity is found. 
ements along a cross-sectional distribution to ele-
ment diameter. Kothyari et al. (2009) conducted ex-
periments to derive a semi-empirical equation for the 
bed load transport rate under the influence of vegeta-
tion parameters and show that the grain shear stress 
rather than the apparent shear stress was observed to 
better describe the variations in the rate of sediment 
transport by vegetated flows. 
Up to now, previous studies described above have 
shown that the vegetation in the open channel has a 
significantly influence on the characteristics of bed 
load movement. However, many researches (Ko-
thyari et al. 2009, Neary et al. 2011) always neglect-
ed the incipient motion of sediment with vegetation 
which was always treated the same as that without 
vegetation in the derivation of semi-empirical equa-
tions for bed load transport rate. So there are little 
studies in the literature on the incipient motion of 
sediment in open channel with submerged vegeta-
tion. 
In this paper, we describe a study of the flow, 
scour, and transport processes through regular arrays 
of circular vegetation elements, which are regarded 
as idealized rigid submerged vegetation. The incipi-
ent motion of sediment with submerged vegetation, 
and the difference between incipient motion of sed-
iment with vegetation and that without vegetation, 
are investigated. And the relationship between the 
average depth of the scour holes around the vegeta-
tion elements and the spatially averaged velocity for 
different vegetation density is also analyzed. 
2 THEORETICAL STUDY 
The bed load interacting with the flow moves under 
the influences of two types of force: one type en-
couraging motion and including the lift force FL and 
the drag force FD; the second type discouraging mo-
tion and including the buoyed weight of sediment W 
(Shields 1936) and cohesive force between the sedi-
ment particles N (Tang 1963). 
FD = CDa1d2γu2/2g (1) 
FL = CLa2d2γu2/2g (2) 
W = a3(γs - γ)d3 (3) 
N = a4γd2(d1/d)s(ha + h) (4) 
where d is the sediment size; γ and γs are the vol-
ume weight of water and sediment, respectively; CD 
and CL are drag coefficients for FD and FL, respec-
tively; a1 and a2 are longitudinal and vertical area 
coefficients of the sediment; a3 is the volume coeffi-
cient of the sediment; a4 is the void coefficient of 
sediment; d1 is the sediment relative size; h is the 
water depth and ha is the height of water column cor-
responding to the atmospheric pressure. 
When sediment experiences incipient motion, the 
momentum balance in the stream-wise direction 
yields the following expressions: 
K1dFD + K2dFL = K3dW + K4dN (5) 
where K1d, K2d, K3d and K4d are the arm of force 
correspond to the FD, FL, W and N, respectively. 
Substituting Eqs. (1)-(4) into Eq. (5) yields the fol-
lowing expression:  
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where ub is the near-bed velocity and the subscript c 
denotes incipient motion. 
Because the spatial distribution of velocity with 
vegetation is not uniform but rather varies depending 
on the flow depth and density of vegetation (Yan et 
al. 2006), the near-bed velocity of sediment varies by 
location in flows with vegetation. The near-bed ve-
locity is difficult to determine experimentally, so in 
this paper, the spatially averaged velocity for sedi-
ment incipient motion Upc under the interface of the 
water-vegetation (z = H) is used as a substitute for 
ubc, and we propose the following: 
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where the subscript i = locations for measuring ve-
locity; n = the total number of locations; ui = the ver-
tical-averaged velocity of the ith location under the 
interface of the water-vegetation (z = H), as shown 
in Fig. 1; D = vegetation element diameter, and α = 
density of vegetation. 
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Figure 1. The measured points in the vegetation zone 
3 EXPERIMENTAL METHODS 
3.1 Experimental setup 
The Laboratory experiments were conducted in Hy-
draulics and Fluid Mechanics Laboratory at Nanjing 
Hydraulic Research Institute. The experimental setup 
is shown in Fig. 2. The experimental tilting rectan-
gular flume was 12m long, 0.4m wide, and 0.4m 
deep, with glass side walls and bottom. The slope of 
the flume is adjustable to achieve different uniform 
flows. Flow discharges were taken by a rectangle 
measuring weir. Velocity measurements were made 
using a three-dimensional acoustic Doppler veloci-
meter (ADV) at a sampling frequency of 50 Hz (Fig 
2(b)). To simulate vegetation accurately in a geomet-
ric configuration, rigid vegetation elements of circu-
lar cross-sectional shape were positioned in the mid-
dle of the flume (Nepf & Vivoni 2000, Ghisalberti & 
Nepf 2004). The vegetation zone was 4m long (as 
shown in Fig. 2) and the resulting vegetation density 
varied from 0.017 to 0.050 (see Table 1). Lv and Bv 
represent the neighboring vegetation elements spac-
ing in spanwise and streamwise directions, respec-
tively, as shown in Fig. 1. Each vegetation element 
had a diameter D = 8 mm. The tests were performed 
using two sizes of quartz sand with the density of the 
sediment ρs = 2650kg/m3. The two sediment beds 
were uniform in gradation with a geometric standard 
deviation of sediment sizes of less than 1.1. Table 1 
summarizes part of the data collected from the exe-
cution of 51 experiments. 
 
 
(a) Sand bed with artificial rigid vegetation elements 
 
(b) Acoustic Doppler velocimeter 
Figure 2. Experimental setup of rectangular flume and sand bed 
with rigid vegetation zone 
 
x 
y 
0.4m 
rigid vegetation 
elements 
 
 
 
      
  
flow inlet 
 
(a) Plan view 
 
 
 
 
  
 
x 
z 
0.35m 
0.05m Sediment fixed bed fixed bed 
flow inlet 
  
 
(b) Side view along centerline 
Figure 3. Sketch of artificial rigid vegetation zone 
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Figure 4. Scour hole parameters around one vegetation element 
 
As illustrated in Fig. 3, the x-axis is in the main 
flow direction, the y-axis is transverse to the flow di-
rection, and the z-axis is vertical. The origin of the 
coordinate system is set at the center of the upstream 
end of the vegetation zone. Fig.4 shows the scour 
hole parameters around one vegetation element, the 
dh and the hw are the scour depth and the deposition 
height, respectively, after the flow and scour reach 
equilibrium. 
 
Table 1 Detail of experiments 
 
Case Sand di-ameter d Lv Bv 
Vegetation 
density α 
Flow 
depth h 
Vegetation ele-
ment diameter D 
Vegetation ele-
ment length H Upc 
Scour 
depth dh 
 mm cm cm 1/cm cm cm cm m/s cm 
Case 1.1 0.5 NA NA 0 12.2 NA NA 0.2595 NA 
Case 1.2 0.5 NA NA 0 17.0 NA NA 0.2686 NA 
Case 1.3 1.0 NA NA 0 12.0 NA NA 0.3402 NA 
Case 1.4 1.0 NA NA 0 15.0 NA NA 0.3390 NA 
Case 2.1 0.5 4 4 0.050 12.2 0.8 10 0.1525 0.80 
Case 2.2 0.5 4 4 0.050 17.0 0.8 10 0.1526 0.82 
Case 2.3 0.5 4 4 0.050 19.7 0.8 10 0.1539 0.85 
Case 2.4 0.5 6 4 0.033 12.0 0.8 10 0.1549 0.75 
Case 2.5 0.5 6 4 0.033 17.0 0.8 10 0.1550 0.76 
Case 2.6 0.5 6 4 0.033 20.0 0.8 10 0.1550 0.78 
Case 2.7 0.5 4 6 0.033 12.4 0.8 10 0.1586 0.74 
Case 2.8 0.5 4 6 0.033 17.5 0.8 10 0.1589 0.72 
Case 2.9 0.5 4 6 0.033 20.1 0.8 10 0.1590 0.73 
Case 2.10 0.5 6 6 0.022 12.5 0.8 10 0.1622 0.70 
Case 2.11 0.5 6 6 0.022 20.0 0.8 10 0.1632 0.69 
Case 2.12 0.5 8 6 0.017 12.0 0.8 10 0.1690 0.66 
Case 2.13 0.5 8 6 0.017 20.3 0.8 10 0.1699 0.65 
Case 3.1 1 4 4 0.050 12.1 0.8 10 0.1981 0.67 
Case 3.2 1 4 4 0.050 17.4 0.8 10 0.1991 0.65 
Case 3.3 1 4 4 0.050 20.0 0.8 10 0.1989 0.60 
Case 3.4 1 6 4 0.033 12.6 0.8 10 0.2020 0.5 
Case 3.5 1 6 4 0.033 17.0 0.8 10 0.2024 0.55 
Case 3.6 1 6 4 0.033 20.3 0.8 10 0.2029 0.54 
Case 3.7 1 4 6 0.033 12.0 0.8 10 0.2041 0.51 
Case 3.8 1 4 6 0.033 16.9 0.8 10 0.2049 0.50 
Case 3.9 1 4 6 0.033 20.0 0.8 10 0.2050 0.47 
Case 3.10 1 6 6 0.022 12.1 0.8 10 0.2102 0.30 
Case 3.11 1 6 6 0.022 19.8 0.8 10 0.2120 0.35 
Case 3.12 1 8 6 0.017 12.0 0.8 10 0.2199 0.30 
Case 3.13 1 8 6 0.017 20.1 0.8 10 0.2212 0.28 
 
 
3.2 Measurement of the spatially averaged velocity 
The vegetation elements were arranged in a regular 
pattern. Being similar to the definition of vegetation 
density used in previous studies (Ghisalberti & Nepf 
2002, Zong & Nepf 2009, Huai et al. 2015), in this 
study, the vegetation density α was defined as fol-
lows: 
/ /
on
i
i
A S Hα =∑  (9) 
where Ai is the frontal area of a vegetation element, S 
is the referred bed area, and no is the number of ele-
ments occupied in S (Fig. 1). Three flow depths and 
five levels of vegetation densities were tested in the 
experiments. The vertically averaged velocity, which 
is used to describe the incipient motion velocity 
without vegetation, is not appropriate to describe the 
incipient motion of sediment with vegetation due to 
the non-uniform spatial distribution of velocity with-
in vegetation zone. So a new experimental statistics 
method is developed to describe the incipient motion 
of sediment with vegetation, which is that the spa-
tially averaged velocity is used as a substitute for the 
vertically averaged velocity. Locations are chosen in 
the unit bed to measure the profiles of velocity along 
the z-axis to obtain the vertically averaged velocity 
at each location i, where the distance between adja-
cent locations is 1 cm, as shown in Fig. 1. The spa-
tially averaged velocity under the interface between 
water and vegetation (z = H) is obtained using 
Eq. (7). 
4 CRITERION OF THE SEDIMENT INCIPIENT 
MOTION WITH SUBMERGED RIGID 
VEGETATION 
The motion of sediment with submerged rigid vege-
tation has some unique characteristics compared to 
the motion of sediment without vegetation. Based on 
observations during the experiments, the status of 
the sediment in the bed can be divided into three 
processes. 
In the first process, the bed sediment remains stat-
ic at a low flow velocity. In Fig. 5(a), there is no sed-
iment motion anywhere over the bed. 
 
  
(a) Static              (b) Partially motion 
 
(c) Entirely motion 
Figure 5. Three processes of the sediment incipient motion 
 
Fig. 5(b) shows the second process. Sediment 
around some rigid vegetation elements starts to 
move after the water velocity exceeds a certain 
threshold, and scour holes gradually develop around 
these rigid vegetation elements due to the flow 
scouring. As the water velocity increasing, these 
scour holes gradually become deeper and larger. 
However, the sediment motion around vegetation el-
ements always ceases once these scour holes reach 
an equilibrium state. Besides, some sediment ridges 
downstream of scour holes are also produced due to 
the gravity of the sediment. The flow in the vegeta-
tion zone is not uniform any more due to the exist-
ence of vegetation, therefore, the equilibrium bed-
form is not flat but rather contains scour holes and 
sediment ridges around vegetation elements. There-
fore, the local sediment moving in this process is 
considered only a local adjustment of the sediment 
bed, rather than the initiation of overall sediment 
motion in the flow around the vegetation.  
Fig. 5(c) shows the third process. When the water 
velocity increases to a certain value, a noticeable 
sediment transport out of all the scour holes around 
rigid vegetation elements and outside the vegetation 
zone is observed. The spatially averaged velocity at 
this threshold state is considered as the incipient mo-
tion velocity for sediment in the presence of sub-
merged rigid vegetation. Zhang (1998) suggested 
that both sediment transport and local sediment 
movement could describe the incipient motion con-
dition in flows without vegetation. However, in this 
study, the motion of local sediment is clearly ob-
served to occur prior to the existence of sustaining 
sediment yield due to the effect of the vegetation el-
ements on the flow. Therefore, the third process is 
defined as a criterion for the incipient motion condi-
tion of sediment in channel with submerged rigid 
vegetation. 
5 RESULTS AND DISCUSSION  
Previous researchers (Zhang 1998, Kramer 1935) 
suggested the criterion for incipient motion of sedi-
ment without vegetation, that there were a few 
countable sediment particles on the bed beginning to 
move. The experimental data obtained from the ex-
periments without vegetation agreed well with the 
Eq. 10 by Zhang (1998), as shown in Fig. 6. 
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Figure 6. Comparison of the sediment incipient velocity with-
out vegetation between calculated Uc (Eq. (10) and experi-
mental Uc 
 
As mentioned before, the incipient motion of sed-
iment with vegetation is defined by the spatially av-
eraged velocity for sediment incipient motion Upc 
under the interface between vegetation and water (z 
= H) at the third process (Fig. 5(c)). Fig. 7 shows the 
relationship between the observed Upc and the vege-
tation density α. From Fig. 7, this relationship is 
highly sensitive and the Upc gradually decreases with 
increasing the vegetation density α. 
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Fig. 7 The change of the spatially averaged velocity for sedi-
ment incipient motion Upc over vegetation density α 
 
Substituting experimental data into Eq. (8), a new 
equation is obtained as follows: 
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Fig. 8 shows the comparison of the experimental Upc 
with the calculated Upc by Eq. (11). 
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Figure 8. Comparison of the sediment incipient velocity with 
vegetation between calculated Upc (Eq. (11)) and experimental 
Upc 
 
In the second process as described above, numer-
ous scour holes around the vegetation elements are 
observed in the vegetation zone before incipient mo-
tion of the sediment, and the bed-form has been de-
formed. Since the depths of the scour holes around 
different vegetation elements have slightly differ-
ence, so the average depth of the scour holes dha af-
ter scour reaching equilibrium is used to investigate 
the scouring characteristic in the open channel with 
sediment-bed.  
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Fig. 9 Variation of non-dimensional averaged depth scales of 
scour hole around vegetation elements over the spatially aver-
aged velocity (α1 = αCase 2.1, α2 = αCase 2.4, α3 = αCase 2.7) 
 
Variation of the various non-dimensional aver-
aged-depth scales of scour hole around vegetation 
elements are shown in Fig. 9, wherein the corre-
sponding scour depth dha/D is plotted against the 
spatially averaged velocity U/Upc. From Fig. 9, the 
average depth of the scour holes dha increases with 
the vegetation density α increasing for a certain spa-
tially averaged velocity U due to the strong turbulent 
structures caused by the vegetation elements; And 
for a certain density of vegetation α, the average 
depth of the scour holes dha vary linearly with the 
spatially averaged velocity U. A linear fit to the data 
yields: 
dha/D = 2.4738(U/Upc) - 1.4743 (12) 
Substituting dha/D = 0 into Eq. (12), a value of U/Upc 
= 0.60 is obtained for the experimental data. That is 
to say, the scour around the vegetation element first-
ly occurs at U/Upc = 0.60. This results support the 
observations of Chiew (1995) on the relationship be-
tween the flow velocity and the occurrence of scour 
holes. However, Chiew (1995) used a single cylinder 
pier to conduct experiments and shown that the 
U/Upc = 0.5 which is less than that in our paper. This 
is because the incipient velocity of sediment for the 
case of an array of rigid elements is smaller than that 
with no vegetation. 
6 CONCLUSIONS 
The incipient motion of sediment in the open chan-
nel with the submerged rigid vegetation elements 
was investigated by experimental observations. Be-
cause the motion of local sediments occurred prior to 
yielding to sediment transport, the incipient motion 
of sediment was divided into three processes, the 
static, the partially motion, and the entirely motion, 
and we adopted the third process as the criterion for 
incipient motion of sediment. Based on the experi-
mental results, the semi-empirical equation Eq. (11) 
was derived to describe the sediment incipient veloc-
ity in the presence of submerged vegetation, which is 
observed to be smaller than that without vegetation. 
The scour around the vegetation element firstly oc-
curred at U/Upc = 0.60 which is larger than that at 
which scour occurs for a single pier. And the average 
depths of the scour holes around the vegetation ele-
ments have a linear relationship with the spatial av-
eraged velocity under the water-vegetation interface 
for a certain vegetation density. 
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